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Structural Rearrangement Accompanying NAD
Synthesis within a Bacterial DNA Ligase Crystal
et al., 1989), Bacillus subtilis (Petit and Ehrlich, 2000),
Staphylococcus aureus (Kaczmarek et al., 2001), Strep-
tococcus pneumoniae (Chen et al., 2002), and Mycobac-
Ketan S. Gajiwala* and Christopher Pinko
Quorex Pharmaceuticals
1890 Rutherford Road, Suite 200
Carlsbad, California 92008 terium tuberculosis (Sassetti, et al. 2003; Gong et al.,
2004;) makes disrupting adenylation of NAD-depen-
dent bacterial ligase an attractive target for the design
and development of novel broad-spectrum antibioticsSummary
(Chen et al., 2002; Ciarrocchi et al., 1999; Wilkinson et
al., 2001; Brotz-Oesterhelt et al., 2003).DNA ligase is an enzyme important for DNA repair and
NAD-dependent DNA ligase is a multidomain proteinreplication. Eukaryotic genomes encode ligases requir-
(Lee et al., 2000; Doherty and Suh, 2000). It is composeding ATP as the cofactor; bacterial genomes encode
of N-terminal adenylation domain followed by oligomerNAD-dependent ligase. This difference in substrate
binding fold, zinc finger and helix-hairpin-helix motifs,specificities and the essentiality of NAD-dependent
and C-terminal BRCT (BRCA1 C-terminal) domain (Fig-ligase for bacterial survival make NAD-dependent li-
ure 1). The N-terminal adenylation domain containinggase a good target for designing highly specific anti-
the active site lysine is both necessary and sufficient toinfectives. Any such structure-guided effort would re-
self-adenylate the enzyme (Timson and Wigley, 1999;quire the knowledge of the precise mechanism of
Kaczmarek, 2001; Lim et al., 2001). This domain is com-NAD recognition by the enzyme. We report the princi-
posed of two subdomains. The smaller N-terminal do-ples of NAD recognition by presenting the synthesis
main 1a is composed of two  helices and part of a longof NAD from nicotinamide mononucleotide (NMN)
loop that connects it to the larger C-terminal domain 1b.and AMP, catalyzed by Enterococcus faecalis ligase
The identity of the specific residue that gets covalentlywithin the crystal lattice. Unprecedented conforma-
adenylated has been known for some time (Lehman,tional change, required to reorient the two subdomains
1974; Tomkinson and Levin, 1997). The crystal structureof the protein for the condensation to occur and to
of the adenylated full-length ligase from Thermus fili-recognize NAD, is captured in two structures ob-
formis (Tf) revealed the details of interactions betweentained using the same protein crystal. Structural data
the covalently attached AMP and the protein (Lee et al.,and sequence analysis presented here confirms and
2000). Though, domain 1a is distal from the adenylationextends prior functional studies of the ligase adenyla-
site based on the available structural information, withtion reaction.
no apparent contact with the covalently attached AMP
(Figure 1), its deletion leads to the loss of adenylation
Introduction activity of ligase (Sriskanda et al., 2001; Sriskanda and
Shuman, 2002a). In line with these observations, site-
DNA ligase is vital for DNA repair and replication (Soder- specific mutagenesis experiments (Sriskanda and Shu-
hall, 1976; Sancar, 1994). All DNA ligases, prokaryotic man, 2002a) identified residues within domain 1a, over
as well as eukaryotic, catalyze the phosphodiester bond 30 A˚ from the adenylation site, that are essential for the
formation via three steps (Engler and Richardson, 1982): enzyme activity. These experimental results suggest two
(1) adenylation of ligase, where the transfer of the AMP possible mechanisms by which ligase must recognize
group from the cofactor to the active site lysine activates NAD and complete the adenylation reacion. (1) The
the enzyme, by hydrolysis of the pyrophosphate bond enzyme does not self-adenylate; instead, the reaction
of NAD (or ATP) and the release of NMN (or pyrophos- is bimolecular where each ligase molecule gets adenyl-
phate); (2) transfer of the AMP from ligase to the 5-phos- ated by a different molecule. (2) The NAD recognition by
phate group at the single-strand DNA break site; and bacterial ligase must accompany a large conformational
(3) DNA ligation with the release of free AMP. Whereas change for subdomain 1a to make critical contribution
the last two steps of the DNA ligation are essentially the to the adenylation activity of the protein. The crystal
same for both eukaryotic and bacterial enzymes, the structures of the full-length ligase from Tf (Lee et al.,
adenylation step differs substantially for the two classes 2000) and the adenylation domain of Bacillus stearother-
of enzymes by virtue of their different cofactor require- mophilus (Bs) ligase (Singleton et al., 1999) show two
ments. In contrast to eukaryotic ligases, which use ATP very different orientations of domain 1a relative to do-
as the cofactor, bacterial ligase uses NAD for the ade- main 1b, indicating that the relative orientation of the two
nylation step. This fundamental difference, along with subdomains is flexible. This conformational flexibility,
the exclusivity of the NAD-dependent ligase to bacte- along with the monomeric nature of the enzyme, sup-
rial genomes (Amsacta moorei entomopoxvirus is the ports structural rearrangement preceding self-adenyla-
only known exception where a eukaryotic virus codes tion of the protein. More recently, thermal and chemical
for an NAD-dependent ligase [Sriskanda et al., 2001]), unfolding studies on NAD-dependent DNA ligase from
and its essentiality in survival of E. coli (Gottesman et al., Thermus scotoductus and E. coli suggest conforma-
1973; Konrad et al., 1973), Salmonella typhimurium (Park tional rearrangement upon NAD binding (Georlette et
al., 2003, 2004). We present high-resolution structures
that unequivocally show such a rearrangement.*Correspondence: ketang@quorex.com
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Figure 1. Structure of the Full-Length NAD-
Dependent DNA Ligase from Thermus fili-
formis
Individual domains are color-coded. AMP
group of the adenylated lysine is shown by
the stick figure (Lee et al., 2000). Subdomains
1a and 1b together constitute adenylation
domain.
Here we report a crystal structure showing the details of Bs ligase (PDB ID: 1B04 [Singleton et al., 1999]) as the
search model for molecular replacement. Two proteinsof recognition of nicotinamide mononucleotide (NMN)
half of NADby the adenylation domain of Enterococcus share 59% sequence identity. Data collection and refine-
ment statistics are reported in Table 1. Residues 5–317faecalis (Ef) ligase. Subsequently, we present the consti-
tution of NAD binding site within the same crystal, are modeled in 1.8 A˚ electron density map. The adenyla-
tion domains of two previously reported structures ofbrought about by the enzyme catalyzed NAD synthesis
within the lattice, using the bound NMN and externally NAD-dependent ligases from Bs (Singleton et al., 1999)
and Tf (Lee et al., 2000) differ substantially in the orienta-furnished AMP. The condensation reaction is preceded
by almost 180 swiveling of domain 1a, bringing it in tion of the domain 1a relative to the rest of the adenyla-
tion domain, domain 1b; domain 1a in two proteins isclose proximity of the adenylation site. This is the first
ever visualization of NAD recognition by an NAD- rotated by about 90 relative to each other.
dependent ligase. Using these structures, sequence in-
formation, and published mutatgenesis data for various NMN Recognition
In the NMN-bound structure of the Ef ligase adenylationnucleotidyl transferases, we infer the identities of resi-
dues that make up the catalytic machinery of the ade- domain reported here, domain 1a takes up the orienta-
tion that is nearly identical to the corresponding regionnylation domain.
of the published Bs ligase structure (Singleton et al.,
1999). We will refer to this as the “open” conformationResults
since it has the adenylation site in the domain 1b com-
pletely exposed to solvent. Though NMN was not partAdenylation domain of Ef ligase (residues 1–323) was
cloned and expressed in E. coli. The purified protein was of the crystallization experiment, the crystal structure
showed clear electron density for the bound NMN (Fig-uniformly deadenylated by treatment with nicotinamide
mononucleotide (NMN) as reported before (Timson and ure 2). The protein must bind NMN tightly enough during
deadenylation to carry it through the buffer exchangeWigley, 1999). The crystal structure was determined us-
ing the published structure of the adenylation domain step that followed the deadenylation of protein.
Table 1. Crystallographic Data and Refinement Statistics
NMN Bound NAD Bound
Data Collection
Space group C2 P21
Unit cell 90.2, 86.1, 57.1 A˚,   101 62.3, 135.2, 115.8 A˚,   102.3
Resolution (A˚) 1.8 2.7
Observations 144,413 193,117
Unique reflections 39,473 50,300
Rsym 0.051 (0.456) 0.074 (0.374)
I/ 16.5 (2.7) 13.1 (4.2)
Completeness 0.999 (1.0) 0.983 (0.973)
Refinement
R factor 0.200 0.202
Rfree 0.225 0.262
Rmsd
Bond length (A˚) 0.005 0.007
Bond angle (o) 1.23 1.32
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Figure 2. Stereo Drawing of the NMN Binding by the Ef Ligase Adenylation Domain
The refined atomic model is superimposed on the initial 1.8 A˚ resolution Fo  Fc electron density map contoured at 3 level. Some of the
interactions between the protein side chains and NMN are highlighted with green dashes. A well-placed water molecule bridging NMN with
protein is shown as a sphere.
The NMN binding site resides almost exclusively in using domain 1b (residues 75–317) of the Ef ligase struc-
ture described above. The resulting difference mapthe domain 1a of the protein. The residues making direct
clearly showed the position of domain 1a. It is dramati-contact with NMN are contributed mainly by the two
cally different from the positions of domain 1a in all thehelices of domain 1a. Some of the details of atomic
structures of ligase known to date. Domain 1a swivelsinteractions are shown in Figure 2. The nicotinamide
by almost 180 and is placed close to the adenylationring of NMN is sandwiched by Tyr29 from helix 1 and
pocket (Figure 3). Furthermore, the difference map afterTyr42 from helix 2 of the Ef protein. Tyr42 and Tyr30
the complete model building for the protein clearlyare within hydrogen bonding distance of the phosphate
showed the presence of NAD in the adenylation pocketgroup of NMN. Tyr30 makes very good van der Waal’s
(Figure 4). We refer to this new conformation of thecontacts with Tyr29, and may play an important role
adenylation domain as the closed form since the orienta-in orienting Tyr29 for its optimal interactions with the
tion of domain 1a completely buries the adenylation site.nicotinamide ring. Asp43 from helix 2 is within hydrogen
The refined structure has residues 4–323 with a NADbonding distance of the 2-OH group of the ribose ring.
molecule modeled in each of the four protein moleculesAmide N of NMN makes hydrogen-bonding contact with
in the asymmetric unit. The four molecules in the asym-the carbonyl oxygen of Val37 and Asp39 carboxylate,
metric unit are very similar with rmsd between C atomswhich are located in the loop connecting the first two
ranging from 0.3 to 0.6 A˚.helices. A well-placed water molecule seems to make
The movement of domain 1a is made possible due tofour hydrogen bonds: acting as a donor to amide O of
the flexible linker comprising of residues 68–76 betweenNMN and Glu28 carboxylate, and as an acceptor to
domains 1a and 1b. As a result, it is essentially a rigid-backbone N atoms of Val37 and Ser36. Arg158 is the
body motion of residues 4–67. The recognition of theonly residue from the domain 1b that is making direct
NMN part of the modeled NAD molecule remains es-contact with NMN. NH1 and N	 atoms of the terminal
sentially identical to the one observed in the presenceguanido group of Arg158 side chain are well placed to
of NMN alone in the open form; the 3-hydroxyl of themake direct hydrogen bonds/salt bridge with the phos-
sugar ring picks up an additional interaction with Lys315phate O of NMN. Thus it seems that the NMN binding
(Figure 5). Tyr30, which made hydrogen bond with thepocket is designed to make optimal electrostatic inter-
phosphate O, makes a similar interaction with the 5-Oactions, while two Tyr rings providing the key hydropho-
of the sugar ring. Only the phosphate group, under-
bic/stacking interactions. The equivalent of Tyr29 side
standably, occupies a substantially different position in
chain in Bs adenylation domain structure (Singleton et
NAD. It is involved in making a polar interaction with
al., 1999) takes up a different rotamer, intruding into Arg141 side chain.
nicotinamide binding site. Additionally, the loop con- Shuman and Schwer (1995) identified six sequence
necting the two helices of the subdomain takes up two motifs conserved among covalent nucleotidyl trans-
very different conformations in the two structures. It is ferases. Motifs I to V of these are present in the protein
suggestive of the conformational change accompanying construct used here for the structural characterization
the NMN binding by Ef enzyme. (Figure 6). Residues from these motifs are involved in
the recognition of the AMP half of NAD. The adenine
Structural Rearrangement Accompanying ring of AMP stacks on top of Tyr227 belonging to motif
NAD Synthesis IIIa. The 6-amino group makes hydrogen bonds with
When the crystals that yielded the cocrystal structure Glu118 and the backbone carbonyl of Leu119 of motif
with NMN were transiently exposed to the excess of I. The ring nitrogen N1 acts as a hydrogen bond acceptor
AMP, the space group changed from C2 with a single to Lys291 and N7 to backbone N of Ile121 of motif I. 2-
molecule per asymmetric unit, to P21 with four molecules hydroxyl on the sugar ring makes a hydrogen bond with
per asymmetric unit. The crystal structure in the new Glu175 side chain of motif III and 3-hydroxyl makes a
similar interaction with Arg141. The active site Lys120space group could be solved by molecular replacement
Structure
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Figure 3. Domain Motion Accompanying the
Synthesis of NAD from NMN and AMP
Ribbon diagrams of the two structures, with
the bound small molecules, have been super-
imposed.
(A) Orange ribbon is the NMN-bound “open”
form, with domain 1a on the right showing
bound NMN. Green ribbon is the NAD-
bound “closed” form with domain 1a on the
left covering the NAD molecule synthesized
in the adenylation pocket.
(B) The view in (A) is rotated about vertical
axis to show the pivot point for the domain
motion. The N termini in two structures are
over 80 A˚ apart.
belonging to motif I is within hydrogen bonding distance bound closed form of the enzyme Asn23, Val31, Asp33,
Asp43, Arg68, and Gly71 from domain 1a make newfrom the O4 of the sugar ring and about 4 A˚ from the
P atom that is the target of the nucleophilic attack. The polar interactions with Asp63, Arg210 (NH1), Arg210
(NE1), Lys315, Lys306, and Asp143 respectively. Addi-adenosine nucleoside of the bound NAD is in the syn
conformation, as in case of ATP in T7 DNA ligase struc- tionally, Tyr30 makes van der Waal’s interactions with
Gly70 and Gly71. In the open conformation, Tyr30 madeture (Subramanya et al., 1996) and AMP bound to T4
RNA ligase (Ho et al., 2004). Based on the Chlorella virus van der Waal’s contacts with Arg158.
In order to further investigate if we can arrive at theDNA ligase structure it has been suggested that there
is a conformational change to anti form following the same result in the presence of NAD, we soaked the
NMN-bound ligase crystals by adding NAD to the crys-covalent attachment to the active site lysine (Odell et
al., 2000). tallization drop. To our surprise, we did not see any
conformational change in the protein. Two angstromIn the NMN-bound open form of the protein, direct
interactions between the two subdomains are sparse. resolution Fo  Fc difference electron density map from
the data collected on crystal soaked in NAD showedThe domain rearrangement does create a few new inter-
actions between the two subdomains. In the NAD- residual density in the NMN binding pocket as well as
NAD Recognition by Bacterial Ligase
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Figure 4. Stereo Depiction of 2.7 A˚ 4-fold NCS Averaged Fo  Fc map Clearly Shows NAD in the Active Site of Ef Ligase
the adenylation site of the protein. The electron density (as well as NAD-soaked crystals at pH 8) in space group
P21. Though we did not collect a data set to solve thein the NMN binding pocket clearly showed a sugar phos-
phate group attached to the phosphate group of NMN, structure, the isomorphous nature of these crystals is
strongly suggestive of protein having adopted theimplying replacement of NMN by NAD in the NMN bind-
ing pocket. There is excellent density in the refined map “closed” conformation under acidic conditions and
deadenylated itself.for NMN and the sugar phosphate of the AMP part of
NAD; the density for the adenine ring is nearly nonexis-
tent, suggesting that it is disordered. Similarly, in the Discussion
adenylation pocket, there is good density for the ADP
part of NAD. Nicotinamide and the sugar ring of NAD Though the details of interactions between the cova-
are disordered in the solvent phase, most likely due to lently attached AMP and the protein are known from the
the lack of any stabilizing interactions with the protein. structure of adenylated Tf ligase, the details of molecular
There is no suggestion of the covalent modification of recognition of NAD by the protein remained unclear
the active site lysine. prior to this work. Since our original ligase crystals with
We pursued this further, partly to obtain the structure bound NMN were obtained at slightly acidic conditions
of the adenylated protein, and soaked the NMN-bound (known to reverse the adenylation reaction [Lehman,
crystals in NAD at pH 8 in the presence of Mg2 ions. 1974]), we attempted enzyme catalyzed NAD synthesis
This caused the space group to change from C2 to P21, within the crystal by soaking it in excess of AMP. It is
and the resulting 2.6 A˚ crystal structure was essentially believed that the high (but not unusual) solvent content
identical to the one obtained by soaking the crystals in (62%) of the crystal, and the consequent sparse crystal
AMP under acidic conditions, with NAD noncovalently contacts made by the single molecule in the asymmetric
bound to the protein, without any hint of covalent modifi- unit, gave the protein a significant leeway to undergo a
cation of the active site lysine. dramatic structural movement accompanied by rear-
Protein adenylated in solution was set up for crystalli- rangement of the lattice packing without completely de-
zation with ammonium sulfate at a wide range of pH stroying the crystal.
values in the hope of obtaining crystals of adenylated The rigid body motion of domain 1a places it about
protein. However, only conditions at pH 5–6 gave crys- 40 A˚ (residue 67, C terminus of domain 1a) to over 80 A˚
tals that were isomorphous with AMP-soaked crystals (residue 5, N terminus of domain 1a) away in the closed
form relative to the open form (Figure 3). Functional data
on specific residues from domain 1a helped propose a
model that suggested movement of domain 1a bringing
it in contact with nucleotide binding pocket during ligase
adenylation (Sriskanda and Shuman, 2002a). The crys-
tallographic results presented here show in atomic detail
the repositioning of domain 1a prior to adenylation. Mo-
lecular motion of such a magnitude within a single crys-
tal accompanying enzyme catalysis is not seen before.
The previous largest molecular motion within the crystal
lattice involved 20 A˚ translocation of DNA duplex during
processive DNA synthesis within a DNA polymerase
crystal (Johnson et al., 2003). Synthesis of NAD within
the crystal reflects the catalytic competence of the en-
zyme and the biological relevance of the structure. We
suggest that the two structures within the same crystal
presented here mirror the solution state conformationalFigure 5. NAD Recognition by Ef Ligase
change accompanying the adenylation of ligase. TheSome of the interactions between polar atoms that are within 3.2 A˚
are shown with dashes. open conformation reflects the state of the enzyme be-
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Figure 6. Sequence Conservation of the Ef
Ligase Construct Used for the Structural
Characterization
Boxes show the conserved motifs among
nucleotidyl transferases (Shuman and
Schwer, 1995). The adenylation site, Lys120,
is shown in red. Residues highlighted in green
are conserved among NAD-dependent li-
gases and those in cyan are conserved in
all the nucleotidyl transferases. Residues that
show substitutions in few of the NAD-
dependent ligases are highlighted in yellow.
fore adenylation, where the adenylation site is exposed tion where ATP is noncovalently bound to the active site
(Subramanya et al., 1996). The conformational changesand accessible to incoming substrate, NAD. In the
presence of the substrate under physiological condi- accompanying the adenylation reaction could be one of
the reasons why the protein does not covalently adenyl-tions, the enzyme must take up the closed conformation
in order to constitute the NAD binding site and catalyze ate itself despite binding NAD within the crystal lattice.
We know that the phosphoamide linkage formed as athe self-adenylation. Upon the hydrolysis of the pyro-
phosphate bond of NAD, the enzyme could take up result of adenylation is a high-energy bond, and forma-
tion of ligase-adenylate is readily reversible (Lehman,one of two possible open conformations: one that is
reflected in our cocrystal structure with NMN and in the 1974). In the solution state, formation of the phospho-
amide linkage is likely accompanied by the concomitantpublished Bs ligase structure (Singleton et al., 1999); or
the other that is seen in the full-length adenylated Tf change in the orientation of domain 1a to one of the
open forms, as proposed above, taking with it one ofligase (Lee et al., 2000) (Figure 7). Unless the orientation
of domain 1a in Tf ligase structure is influenced by crys- the products of the adenylation reaction, bound NMN,
thereby reducing the local concentration of NMN andtal packing interactions, it is quite likely that it is the
true representative of the open conformation of the ade- preventing the reversal of the reaction. Though the crys-
tal form with bound NAD has comparable solvent con-nylated protein. In either case, postadenylation confor-
mational rearrangement would make the adenylated tent to our original form with bound NMN, the four mole-
cules in the asymmetric unit share much more extensivelysine accessible to incoming DNA molecule for the ade-
nylyl transfer to occur from protein to the DNA in the crystal contacts, presumably preventing any further
structural changes that might accompany (and mightsecond of the three step ligase catalyzed reaction.
It seems that the overall reaction coordinates rather be necessary for) the transfer of the AMP group from
NAD to the active site lysine. This keeps the local con-than a single experimental parameter dictate the confor-
mational switch between the open and the closed forms centration of NMN high, which in turn could favor dead-
enylation over adenylation. Though NAD-dependentof the enzyme. This is illustrated by various soaking
experiments that we undertook. At low pH, NAD could DNA ligases and NTP-dependent ligases have very dif-
ferent domain organizations, domain motion accompa-not trigger the switch for enzyme to adopt the closed
form, probably because lysine would be a poor nucleo- nying the covalent transfer of the nucleotidyl group
seems to be a common theme within this family ofphile and could not be adenylated under these condi-
tions. However, the reverse reaction, synthesis of NAD enzymes. The crystal structure of an mRNA capping
enzyme, another nucleotidyl transferase, with two mole-from excess AMP and bound NMN is quite facile and
hence AMP could switch the protein to its closed confor- cules in the asymmetric unit show two different confor-
mations, both with bound guanine nucleotides. Althoughmation. Likewise, under conditions akin to physiological
pH that support adenylation of ligase for it to function the overall structures of the nucleotidyl transferase do-
mains in the two molecules are very similar, the orienta-in DNA repair and replication, NAD could accomplish
the same result. This is further underscored by the crys- tions of the C-terminal domains in the two molecules
are very different. Only one molecule in the “closed”tallization of the adenylated protein under acidic condi-
tions. Though we did not collect the full data set using conformation where the C-terminal domain has moved
to close the interdomain cleft, has covalently attachedadenylated protein crystals, their being isomorphous
with P21 form of AMP-soaked (and pH 8 NAD-soaked) GMP while the other “open” form has noncovalently
bound GTP (Hakansson et al., 1997). In the closed formcrystals is strongly indicative of identical molecular
packing in the asymmetric unit. Adenylated protein most the distance between the nucleophile and the  phos-
phate of the GTP is about 3.2 A˚, while in the open formlikely retains NMN, the product of adenylation, bound to
domain 1a. When exposed to acidic conditions favoring it is 4 A˚. Interestingly, in the NAD-bound ligase here,
the distance between the nucleophile and the corre-deadenylation, domain 1a closes on to the adenylation
site to deadenylate and synthesize NAD. sponding phosphate is 4 A˚, suggesting that some ad-
justment of NAD might be necessary for the nucleo-We attempted to complete the adenylation reaction
in the crystalline state by exposing the crystals with philic attack to occur. Another reason for the failure of
adenylation to occur could be the preclusion of the Mg2bound NAD to pH 8 and 20 mM MgCl2. However, the
resulting structure did not show the covalent attachment ion binding to the protein by high salt concentration of
the crystallization condition, hampering adenylation ofof the AMP group to the protein. The crystal structure
of ATP-dependent T7 DNA ligase showed a similar situa- the enzyme. The NAD-bound structure did not show a
NAD Recognition by Bacterial Ligase
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Figure 7. Adenylation Domains of Bacterial Ligases from Various Species Represent the Open and Closed Forms along the Reaction Coordi-
nates
Domain 1a is shown in gray while domain 1b is in yellow. The linker between the two subdomains that changes conformation during NAD
synthesis in Ef ligase crystal (and its equivalent region in all the other structures) is shown in red. All structures have the same orientation of
domain 1b.
(A) Bs ligase (1B04) (Singleton et al., 1999) domain 1a conformation is such that it leaves the adenylation site exposed to solvent. Hence it is
one of the open forms of the enzyme.
(B) NAD binding near neutral pH causes the domain 1a to close, represented by the Ef protein structure. The same state can be achieved by
NMN-bound protein (represented in [D]) in the presence of AMP at acidic pH or exposing adenylated protein (C) with bound NMN to acidic pH.
(C) Adenylated form as seen in the Tf crystal structure. Here the domain 1a has a conformation that is different from those seen in Ef or Bs
proteins. However, the adenylated site is exposed to solvent and hence it is an open form accessible to incoming DNA.
(D) Deadenylation of the adenylated protein with excess NMN results in the NMN-bound protein shown here with Ef protein structure, which
is essentially identical to Bs protein structure but for bound NMN.
candidate electron density peak for bound Mg2 ion Shuman and Ru, 1995; Subramanya et al., 1996; Hakans-
son et al., 1997; Singleton et al., 1999; Lee et al., 2000).even after soaking the crystals in 20 mM MgCl2. Hakans-
son et al. (1997) faced a similar situation where capping In addition to this structural similarity, the superfamily
of proteins facilitates very similar chemical reaction, de-enzyme PBCV-1 crystallized in high salt concentration
failed to show bound Mg2, and the resulting structure spite acting on different substrates: They all hydrolyze
a pyrophosphate bond and make a high-energy phos-had noncovalently bound GTP. In their case, guanylation
went to completion only after extensive soak in a solu- phoamide link with the active site lysine. Hence they
must share the same underlining catalytic mechanism.tion containing high concentration of Mn2 ion.
It has been proposed that DNA ligases belong to the Based on this premise, we attempt to interpret our struc-
tural data in light of the available structures of othersuperfamily of nucleotidyl transferases (Shuman et al.,
1994; Shuman and Schwer, 1995), and confirmed by NAD- and ATP-dependent ligases, the sequence analy-
sis and the existing mutagenesis data to delineate thebiochemical and structural data (Heaphy et al., 1987;
Kodama et al., 1991; Cong and Shuman, 1993, 1995; residues of the shared motifs that might make up the
Structure
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catalytic machinery from those responsible for molecu- fate ion in Chlorella virus DNA ligase might mimic the
5-phosphate of the incoming DNA during the ligationlar recognition. We have analyzed 225 of the bacterial
protein sequences that are homologous to Ef ligase with process (Odell et al., 2000, 2003). Lys315 near the mouth
of the adenylation pocket could assist in the properan expectation value threshold of 105 from the nonre-
dundant protein sequence database (Figure 6). positioning of the pyrophosphate by interacting with the
3-OH of the NMN half of the substrate. The mutationBesides the adenylation site Lys120, seven residues
are identified which are involved in the substrate recog- of the equivalent lysine in Ec enzyme does not affect
the adenylation or the transfer of the adenylyl groupnition and are completely conserved among NAD-
dependent ligases: Asp39, Asp43, Asp122, Arg141, from enzyme to the DNA, but impairs the phosphodiester
formation (Sriskanda et al., 1999). This is in line with theGlu175, Asp286, and Lys315. Additionally, the residue
at position 42 is mostly a Tyr, as in Ef enzyme, or a structural observations. Though conserved among other
nucleotidyl transferases, Lys315 does not seem to bePhe. None of the residues from domain 1a of NAD-
dependent ligases could be important for catalysis since close to any of the cofactors in the available structures.
Observed atomic interactions between NMN and theATP-dependent ligases, which catalyze very similar re-
action, do not have domain 1a. This leaves us with five protein confirm the hypothesis put forward by Sriskanda
and Shuman (2002a) regarding the identity of the proteinresidues with potential catalytic importance: Asp122,
Arg141, Glu175, Asp286, and Lys315. It has been shown residues responsible for binding NMN based on directed
mutagenesis experiments using E. coli ligase. Six posi-that when the equivalent of Asp122 in Thermus ther-
mophilus enzyme is mutated, the mutant protein is com- tions, Glu10, Tyr22, His23, Asp32, Tyr35, and Asp36,
within the domain 1a were chosen for specific mutagen-petent to undergo adenylation but might be adversely
affected during the deadenylation step (Luo and Barany, esis, the latter five of which are highly conserved across
bacterial genomes. Of these, when Tyr22 or Tyr35 was1996). Identical conclusions were drawn from the muta-
genesis experiments at the equivalent sites of T4 RNA substituted with Ala/Ser, the enzyme activity was essen-
tially abolished, but the substitution with Phe yieldedligases (Heaphy et al., 1987), human DNA ligase I (Ko-
dama et al., 1991), Chlorella virus DNA ligase (Sriskanda enzymes with reduced activity. This is in agreement with
the observed interactions of the equivalent residues withand Shuman, 1998; Odell and Shuman, 1999; Sriskanda
and Shuman, 2002b), and vaccinia capping enzyme NMN. In the cocrystal structures with NMN we see that
the equivalent residues (Tyr29 and Tyr42) are involved(Cong and Shuman, 1993). The evidence points to a role
for Asp122 in the deadenylation step where the AMP is in making a perfect sandwich with the nicotinamide ring
of NMN in between them. Substitution with Phe at thesetransferred from protein to DNA. This means some or
all of Arg141, Glu175, Asp286, and Lys315 might make sites should not affect the aromatic stacking, but the
smaller size of the side chain due to the lack of theup the critical catalytic machinery, besides Lys120,
which are all essentially conserved in the nucleotidyl hydroxyl group may affect van der Waal’s interactions
in protein as well as between protein and NMN. Amongtransferases (mRNA capping enzymes have a Glu at the
position corresponding to Asp286). 225 bacterial NAD-dependent ligases/putative ligases,
the position equivalent to Tyr42 in Ef enzyme is always,Based on this analysis, and the proximity of Asp286
to Lys120, we speculate that Asp286 might act as the without exception, occupied by either Tyr or Phe resi-
due. Tyr29, on the other hand is conserved except ingeneral base, abstracting a proton from Lys120, thereby
facilitating the nucleophilic attack by Lys120 on the two sequences from Corynebacterium species. The two
exceptions have Leu and Arg substitutions. There is no-phosphate group. A similar mechanism has been pro-
posed for Chlorella virus capping enzyme (Wang et al., data available on either the activity or the essentiality
of these proteins to species in question. However, it is1997). Glu175 might be involved in binding the essential
divalent metal ion necessary for the reaction. The corre- conceivable that these enzymes might still be able to
recognize the nicotinamide ring through a slightly al-sponding Glu169 in Tf ligase structure is one of several
speculated to be important for similar function (Lee et tered architecture of the NMN recognition site of the
protein.al., 2000). The divalent cation, in turn, may play a role
in catalysis by activating the -phosphate of NAD. The equivalent of Ec Asp32 (Asp39 in Ef) acts as a
hydrogen bond acceptor from the amide N of NMN. TheThough none of the bacterial protein structures have
shown a divalent metal ion bound to the domain 1b, equivalent of Ec Asp36 (Asp43 in Ef) acts as a hydrogen
bond acceptor from the 2 hydroxyl of the sugar ringthe structure of an mRNA capping enzyme showed a
divalent manganese ion at the equivalent position (Ha- of NMN. Substitution of these Asp residues essentially
destroys the enzyme activity, which must be due to thekansson et al., 1997).
All the available structures of ligases and mRNA cap- lack of hydrogen bonding potential (as in case of Asp
to Ala mutation) or the steric considerations (as in caseping enzymes show the residue equivalent of Arg141
in Ef ligase contacting the -phosphate of the bound of Asp to Glu mutation). The mutant Ec enzymes with
Asp32 or Asp36 replaced with Asn retain some activitynucleotide. It may play an important role in the second
step of the ligase-catalyzed reaction, i.e., the transfer (9%–12%), which can be interpreted as due to retention
of the hydrogen bonding potential and minimal changeof the adenylyl group from the protein to the 5-phos-
phate of the DNA. The reason we believe this is the in size, but not as much as the wild-type due to lack of
the negative charge and its possible influence on thepresence of a well-placed sulfate ion bound by Arg141
and Arg202 (conserved in NAD-dependent ligases but strength of hydrogen bonding.
Tyr30 may play a subtle role in NAD/NMN binding.not in other nucleotidyl transferases) in both of our struc-
tures. It has been suggested that a similarly placed sul- It makes a single hydrogen bond with the phosphate
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Figure 8. Domain 1a Motion Modeled on
Full-Length Tf Ligase Structure
New position of domain 1a during NAD rec-
ognition is shown in purple.
group of isolated NMN or with 5-O of the sugar ring of and with lowered affinity. However, the enzyme is not
designed to utilize such substrates optimally. In T7 li-the NMN half of NAD. However, it is in intimate van der
gase structure, the acidic triphosphate tail of the ATPWaal’s contact with Tyr29, as noted above. Conse-
interacts with the highly basic surface region of the ade-quently when the equivalent residue His23 in Ec protein
nylation cleft (Subramanya et al., 1996). Though, mostis substituted with Ala, the enzyme activity is substan-
residues that are seen to be making contact with ATPtially reduced. This is consistent with the sequence con-
in T7 ligase structure are conserved in NAD-dependentservation data which show that the residue at this posi-
ligases, there are three surface Lys residues (Lys10,tion is exclusively Tyr, His, Trp, or Arg.
Lys232, and Lys238) that are completely conserved inAs discussed above, it is possible that alteration in
ATP-dependent phage ligases but substituted in everythe architecture of the NMN recognition site reduces
single NAD-dependent ligase. The equivalent of Lys238the binding affinity of the substrate. Alternatively, it is
of T7 ligase is completely conserved in RNA cappinglikely that perturbation of the NMN binding site leads to
enzymes and viral DNA ligases and shown to be essen-suboptimal orientation of the pyrophosphate link in the
tial for activity in yeast capping enzyme (Shuman andNAD binding pocket, which in turn is manifested in the
Schwer, 1995). It is substituted with Ala in every singlereduced enzyme activity. Yet another possibility is some
NAD-dependent bacterial ligase known to date. Henceof these mutations might adversely affect the allosteric
we speculate that this strongly basic surface region,mechanism by which domain 1a closes onto the ade-
and specifically the equivalent of Lys238 of T7 ligase,nylation pocket during the course of enzymatic activity.
may be the substrate specificity determinants for NTP-Based on the available structural data, none of these
dependent nucleotidyl transferases. As pointed out ear-possibilities can be definitively ruled out.
lier by Singleton et al. (1999), proper positioning of theSingleton et al. (1999) showed that when the nicotin-
pyrophosphate might be the reason why NAD-depen-amide ring is replaced with a variety of other entities
dent ligases are nonfunctional with other truncated sub-that retained the basic six-member ring structure (as in
strates like AMP, ADP, and ADP-ribose. It is also notNADH, -thio-NAD, NAAD, APAD, and AmNAD), the
difficult to imagine that in the absence of the nicotin-
enzyme could still support ligation. However, when it
amide moiety, which specifically and exclusively inter-
was replaced with a two-ring system as in diadenosine acts with domain 1a, these compounds might not be
pyrophosphate, the enzyme showed less than 10% of able to trigger the repositioning of domain 1a required
activity. The structure clearly shows that the NMN bind- for enzyme activity. This is further underscored by the
ing pocket cannot accommodate a larger nine-mem- fact that nicotinamide group of NAD can be replaced
bered two-ring system without some reorganization of by reduced nicotinamide, -thio-nicotinamide, 3-acetyl-
the protein structure, resulting in a substantial loss of pyridine, and 3-aminopyridine groups while retaining
activity, presumably due to weaker substrate binding. more than half the activity seen with NAD (Singleton
The possible reasons for the inability of Bs ligase to use et al., 1999).
alternate substrates derived by eliminating the nicotin- How consistent is the observed domain motion with
amide part of the NAD (as in ADP-ribose, ATP, ADP, the full-length NAD-dependent ligase? In order to an-
or AMP) again seem to be both structural, wherein the swer this question, we modeled the domain 1a motion
affinity of the compound for the protein is affected, and on the full-length Tf ligase structure. The resulting posi-
mechanistic, where the compound fails to elicit the cata- tion of domain 1a in Tf structure is completely consistent
lytic activity from the protein even upon binding the with the position of the other protein domains. It is
protein. Based on our crystal structures, it is safe to placed without any steric conflicts, in the hinge region
assume that ATP, ADP, and AMP, if at all, will bind to between the domain 1b and the oligomer binding five-
stranded -barrel domain (Figure 8).NAD-dependent ligase within the adenylation pocket
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liquor with 25% glycerol. Data were integrated, reduced, and scaledIn conclusion, we have presented the structural char-
using the HKL program suite (Otwinowski and Minor, 1997). CNXacterization of the adenylation domain of Ef NAD-
was used for molecular replacement and refinement of structures.dependent ligase, at two different stages of the adenyla-
Structure of the apo (NMN bound) form of Ef ligase was first deter-
tion reaction. It showed the structural rearrangement mined by molecular replacement using the published structure of
that accompanies the substrate recognition by the en- Bs ligase (PDB ID: 1B04 [Singleton et al., 1999]) as the starting
model. The protein structure in the AMP-soaked crystals in P21zyme, as well as the details of NAD interaction with
lattice was determined by molecular replacement using residuesthe protein. Based on structural and sequence analysis
75–317 of the refined apo structure as the search model. The refine-of nucleotidyl transferases, Lys120, Asp286, and Asp175
ment of the NAD-bound structure was restrained using noncrys-are identified as the centers of catalytic activity for the
tallographic symmetry (NCS) until the last round of refinement. NCS
adenylation reaction, assisted by Arg141 in the expul- restraints were relieved in the final round of refinement.
sion of the leaving group. Though, the work presented
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